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I

n eukaryotes, at least three classes of small RNA species regulate
diverse biological pathways through silencing genes with matching sequences (15). In fungi, plants, and invertebrates, one class
of the small RNAs, often referred to as small interfering RNAs
(siRNAs), derived from replicating viruses, mediates the destruction of invading viral RNAs, thereby conferring antiviral immunity (8). Accumulating evidence suggests that these virus-derived
siRNAs (viRNAs) are processed from viral replication intermediates in the form of double-stranded RNA (dsRNA) or plusstranded viral RNAs with secondary structure by an RNase III-like
enzyme called Dicer (4, 10, 44). Apparently, dicing of viral replication intermediates by Dicer on its own is not sufficient to curb
viral infection, because this RNA-directed viral immunity (RDVI)
also requires other host factors, such as Argonaute (AGO) proteins and RNA-dependent RNA polymerases (RdRPs). Argonaute
proteins recruit viRNAs as a sequence guide and cleave, through
their RNase H-like activity, the target viral transcripts with matching sequences to the guide viRNAs. RdRPs amplify RDVI against
some viruses by producing or facilitating the production of secondary viRNAs (28, 37, 48). Putative RNA helicases also play important roles in RDVI through currently unknown mechanisms
(6, 28, 35). Since the viRNAs are directly processed from replicating viral genomes, the chance for viruses to evade RDVI through
generating genome variants is low. Therefore, as a counterdefense
mechanism, numerous viruses encode diverse classes of proteins
that can efficiently suppress RDVI (24).
Based on the study of RNA silencing triggered by artificial
dsRNAs, the RDVI in the nematode worm Caenorhabditis elegans
is believed to begin with the processing of viral dsRNAs into primary viRNAs by DCR-1, the only Dicer protein encoded by the C.
elegans genome (28), a process that requires a dsRNA binding
protein called RDE-4 (28, 37, 45, 49). RDE-4 homodimers were
found to bind dsRNAs cooperatively, thereby facilitating the pro-
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cessing of dsRNAs into primary siRNAs (32). For function, the
primary viRNAs will need to be incorporated into an RNA-induced silencing complex (RISC) formed by RDE-1 and cofactors
(51). RDE-1 is one of the 27 worm Argonaute proteins. Interestingly, the slicer activity of RDE-1 is only required for the cleavage
of the passenger strands of primary viRNAs but not the cleavage of
the target RNA molecules (43). However, the binding of target
by the primary viRNAs, together with RDE-1, is believed to trigger
the RdRP activity of RRF-1, which initiates the de novo synthesis of
single-stranded secondary siRNAs using the target viral RNAs as
the template in a DCR-1-independent manner (31, 40). These
secondary siRNAs are then recruited by secondary AGO proteins,
such as CSR-1, and guide the destruction of target viral transcripts
(2, 51).
RDVI in C. elegans also requires a putative DEAD box RNA
helicase, called DRH-1 (dicer related RNA helicase 1), which appears to be unique to the nematode species (28, 45). Interestingly,
although essential to RDVI, DRH-1 becomes dispensable in RNA
interference (RNAi) targeting cellular transcripts produced from
endogenous genes or transgenes (28). These observations, together with the fact that DRH-1 functions downstream of viRNA
biogenesis, suggest that DRH-1 selectively mediates the destruction of invading viral RNAs but not cellular transcripts irrespective of the origin of silencing siRNAs.
Owing to its sequence-specific nature, RDVI in plants can be

Received 15 June 2012 Accepted 8 August 2012
Published ahead of print 15 August 2012
Address correspondence to Rui Lu, ruilu@lsu.edu.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JVI.01501-12

Journal of Virology

p. 11645–11653

jvi.asm.org

11645

Downloaded from https://journals.asm.org/journal/jvi on 29 September 2021 by 2620:105:b001:1060:d1b:7183:bc1a:824d.

Small interfering RNAs (siRNAs) processed from viral replication intermediates by RNase III-like enzyme Dicer guide sequence-specific antiviral silencing in fungi, plants, and invertebrates. In plants, virus-derived siRNAs (viRNAs) can target
and silence cellular transcripts and, in some cases, are responsible for the induction of plant diseases. Currently it remains
unclear whether viRNAs are also capable of modulating the expression of cellular genes in the animal kingdom, although
animal virus-encoded microRNAs (miRNAs) are known to guide efficient silencing of host genes, thereby facilitating virus
replication. In this report, we showed that viRNAs derived from a modified nodavirus triggered potent silencing of homologous cellular transcripts produced by the endogenous gene or transgene in the nematode worm Caenorhabditis elegans.
Like that found in plants, virus-induced gene silencing (VIGS) in C. elegans also involves RRF-1, a worm RNA-dependent
RNA polymerase (RdRP) that is known to produce single-stranded secondary siRNAs in a Dicer-independent manner. We
further demonstrated that VIGS in C. elegans is inheritable, suggesting that VIGS has the potential to generate profound
epigenetic consequences in future generations. Altogether, these findings, for the first time, confirmed that viRNAs have
the potential to modulate host gene expression in the animal kingdom. Most importantly, the success in uncoupling the
trigger and the target of the antiviral silencing would allow for the exploration of novel features of virus-host interactions
mediated by viRNAs in the animal kingdom.

redirected to target host transcripts with matching sequences (1).
Based on these observations, virus-induced gene silencing (VIGS)
has been adopted as a genetic tool for the dissecting of diverse
biological pathways in plants (27, 33). Very recently, it has been
shown that the same mechanism involved in VIGS is also responsible for the induction of viral diseases (39, 42). Currently, although animal virus-produced microRNAs (miRNAs), processed
from viral transcripts with hairpin-like secondary structures, have
been shown to modulate host gene expression and thereby facilitate virus infection (5, 18, 41), it remains an open question
whether viRNAs also have the potential to modulate host gene
expression in the animal kingdom. The nematode worm C. elegans
would be an animal model of particular interest to address this
question, considering the fact that, like those of plants, the C.
elegans genome also encodes RdRP as an important component of
RDVI (28, 37).
In this report, we tested the silencing of cellular transcripts
triggered by replicating virus in the nematode worm C. elegans.
Our results showed that viRNAs derived from a modified flock
house virus (FHV) can mediate potent silencing of cellular transcripts in a sequence-specific manner. Importantly, VIGS in C.
elegans is inheritable, suggesting that profound epigenetic consequences in the progeny populations can be induced by invading
viruses. Therefore, our study not only confirmed that viRNAs can
mediate host gene expression in the animal kingdom but also
paved the way for the in-depth study of novel virus-animal host
interactions mediated by viRNAs.
MATERIALS AND METHODS
C. elegans culture and genetics. The Bristol isolate N2 was used as the
standard wild-type strain in this study. All alleles used in this study are
derived from N2 and include rde-1(ne300), rde-4(ne337), rrf-1(pk1417),
and sid-1(qt2). The genotypes of sid-1, rde-1, and rde-4 worms were confirmed using skn-1-feeding RNAi. The genotype of rrf-1 was confirmed by
PCR using primer rrf-1 EcoRV (AGGAGAGCATAGAAGGATATCA)
and primer rrf-1 NsiI (TCGACAATGCATCCTGACATGA). All worm
strains were maintained on NGM plates seeded with OP50 bacteria. All
transgenes were delivered into various RNAi-deficient mutants through
standard genetic crosses.
Plasmid constructs and transgenic worms. The FR1fp replicon construct was modified from FR1gfp, described previously (28), by replacing
the full-length gfp coding sequence with its 3= half. The start codon for the
B2 protein was disrupted so that no translation will be initiated from
the B2 open reading frame (ORF). FR1fpfs was created by digestion of the
FR1fp construct with BamHI, followed by end-filling and religation.
The DI634 replicon construct was created using the same strategy as
that used for the development of FR1gfp. To facilitate the insertion of
foreign sequences, a multiple cloning site (MCS) corresponding to AscIXhoI-NotI was introduced into the 3= end of DI634 at the position where
the original viral sequence has been removed. The DI634unc22 construct
was created by inserting a 552-nucleotide (nt) sequence derived from
exon 7 of unc-22 into DI634 utilizing the AscI and NotI sites. Similarly, the
DI634skn-1 construct was created by inserting a 380-bp skn-1 coding
sequence into the MCS of DI634.
Transgenic animals were generated through gonadal microinjection
of plasmid constructs using a modified protocol. Briefly, the target plasmid constructs, each at a final concentration of 10 ng/l, were mixed with
a 2-log DNA ladder (New England BioLabs, Inc.) at a final concentration
of 120 ng/l and the reporter plasmid Pmyo-2::mcherry at a final concentration of 40 ng/l for injection into wild-type N2 animals. The generation of corresponding chromosomal integrants and assay for viral replication were carried out as described previously (26).
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RNAi experiments. The skn-1 feeding RNAi assay was performed using a previously described bacterial feeding protocol (22). Briefly, NGM
agar plates containing 5 mM isopropyl-␤-D-thiogalactopyranoside
(IPTG) and 100 mg/ml carbenicillin were seeded with Escherichia coli
HT115 expressing skn-1 dsRNAs. VIGS was induced by treating the replicon-containing worms with heat induction at 33°C for 3 h. The heatinduced worms were then maintained at room temperature for the VIGS
phenotype to develop.
RNA preparation and Northern blot analysis. Total RNA was prepared using TRI Reagent by following the manufacturer’s instructions
(Sigma-Aldrich, Inc.). Small RNAs were enriched using the mirVana kit
(Ambion). For high-molecular-weight viral RNA analysis, 4 to 6 g total
RNA of each sample was fractionated in a 1.2% agarose gel. For small RNA
analysis, 10 to 20 g of enriched small RNAs of each sample was resolved
using a 15% acrylamide denaturing gel. After electrophoresis, all RNA
samples were transferred onto Hybond N⫹ membrane (GE Healthcare
Inc.) and UV cross-linked using 1.8 ⫻ 105 J/cm2 as the output power
(SpectroLinker).
For the detection of high-molecular-weight RNAs, including the viral
genomic and subgenomic RNAs and the cellular transcripts, the membranes were hybridized with alkaline phosphatase-labeled cDNA fragments derived from the target RNAs at 65°C (AlkPhos direct labeling
module; GE Healthcare). After washing three times at 65°C, the labeled
cDNA probes were detected using CDP-Star detection reagent by following the manufacturer’s instructions (GE Healthcare).
For the detection of small RNAs, viRNAs or miRNAs, we adopted an
miRNA detection protocol with minor modifications (23). Briefly, following the UV cross-linking, the membranes were hybridized with
digoxigenin (DIG)-labeled DNA oligonucleotide probes in PerfectHyb
buffer (SigmaAldrich). The DNA oligonucleotides that would detect all
minus-stranded viRNAs derived from the FP region of FR1fp were labeled
using the DIG oligonucleotide tailing kit (Roche Applied Science). The
hybridization was performed overnight at 37°C. The blots were then
washed 3 times at 42°C using the DIG wash and block buffer set (Roche
Applied Science). The small RNAs were then detected using anti-DIG-AP
antibody together with the CSPD substrate (Roche Applied Science). For
FR1fp siRNA detection, the probes were prepared using 32 DNA oligonucleotides covering the entire FP region of FR1fp. DNA oligonucleotides
with the sequence ATTGCCGTACTGAACGATCTCA were used to prepare the probes for the detection of miR-58. The 4 DNA oligonucleotides
that served as size references for viRNAs and miRNAs were detected using
4 DIG-labeled DNA oligonucleotides with complementary sequences.
Imaging microscopy. GFP and mcherry fluorescence images were
collected using a Nikon p7000 digital camera mounted on a Nikon
SMZ1500 microscope.

RESULTS

Development of an FHV RNA1-based replicon for the test of
VIGS in C. elegans. FHV is a representative member of the nodavirus family that features bipartite genomes of positive polarity.
The genomic RNA1 of FHV can replicate autonomously, producing a subgenomic RNA, RNA3 (Fig. 1A). RNA3 encodes an RNAsilencing suppressor called B2, which suppresses RDVI in diverse
organisms, including C. elegans (25, 26). The genomic RNA2 of
FHV encodes the viral coat protein precursor and its replication
requires protein A, the viral replicase produced by genomic
RNA1. Recently, two nodaviruses have been found to naturally
infect the nematode worms C. elegans and C. briggsae, respectively,
making FHV an ideal model virus for the study of virus-host interaction in nematodes (13). Importantly, when delivered
through a transgene strategy, the FHV RNA1 or its derivative can
replicate autonomously to trigger potent RDVI in C. elegans, making it a perfect, owing to its small size and simple structure, viral
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FIG 1 Development of the FR1fp replicon. (A) Schematic structure and replication of FHV RNA1 and RNA2. Protein A, the replicase of FHV; B2, the
RNA silencing suppressor; RNA3, the subgenomic RNA of RNA1. (B) Structure of the FR1fp replicon. HIP, the heat-inducible promoter from the worm
gene hsp-16.41; FP, the 3= half of GFP coding sequence; Rz, the self-cleaving
ribozyme sequence of hepatitis delta virus; UTR, the 3=-end untranslated region of unc-54. (C) Accumulation of FR1fp genomic (RNA1) and subgenomic
(RNA3) RNAs in different genetic backgrounds as indicated in response to
heat induction. The FR1fp transcripts were detected using probes corresponding to the FP region of FR1fp. Methylene blue-stained rRNA serves as an equal
loading control. (D) Accumulation of FR1fp-derived viRNAs in different genetic backgrounds as indicated. The viRNAs were detected using DIG-labeled
DNA oligonucleotides corresponding to the FP region of FR1fp. The accumulation of miR-58 detected by Northern blotting serves as both a size reference
and equal loading control.

agent for the study of cytosolic antiviral mechanisms, such as
RDVI, in nematodes (26, 28).
Previously, an FHV RNA1-based replicon, named FR1gfp, has
been shown to replicate and trigger potent RDVI in C. elegans
(28). The FR1gfp replicon was created by replacing the B2 coding
sequence with that coding for enhanced green fluorescence protein (GFP). To test VIGS in C. elegans using a gfp transgene as a
reporter, we generated a new FHV RNA1-based replicon called
FR1fp. The FR1fp replicon features the 3= half of gfp coding sequence, 341 bp in length, in the place of B2 coding sequence (Fig.
1B). To find out whether FR1fp can perform self replication to
trigger RDVI in C. elegans, we generated a chromosomal integrant
carrying the FR1fp replicon and checked its replication in different genetic backgrounds. As shown in Fig. 1C, FR1fp replication,
manifested as the production of subgenomic RNA3, was detectable in wild-type N2 worms but became significantly enhanced in
worm mutants corresponding to rde-1, rde-4, and rrf-1. Since
rde-1, rde-4, and rrf-1 are known genes with important functions
in worm RDVI (28, 37, 49), this result confirmed that FR1fp indeed replicates and triggers potent RDVI in C. elegans.
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In C. elegans, rde-4, but not rde-1, is required for the biogenesis
of discrete classes of primary viRNAs that can be detected by
Northern blotting (28). To find out whether FR1fp replication
leads to the accumulation of viRNAs derived from the FP region,
we performed viRNA detection using DNA oligonucleotide
probes that cover the entire FP region. As shown in Fig. 1D, in
agreement with previous findings, high-level accumulation of
viRNAs derived from the FP region was detected in rde-1 mutants
but not in rde-4 mutants. The viRNAs also accumulated in rrf-1
mutants at a lower level with a size distribution similar to that in
rde-1 worms. It is worth noting that the viRNAs were also detected
in the wild-type N2 worms with a major band appearing at around
22 nt. Considering that the abundance of primary viRNAs in C.
elegans peaks at 23 nt (28, 50), the 22-nt viRNAs detected in the N2
background may represent the secondary siRNAs produced by
RRF-1.
FR1fp replication triggers potent silencing of a gfp transgene.
To have a quick test on VIGS targeting a constitutively expressed
gfp transgene in C. elegans, we injected the FR1fp construct, together with an mcherry reporter construct, into the gonads of
worms carrying a nuclear gfp transgene driven by the sur-5 promoter (Fig. 2A). The mcherry reporter construct directs mcherry
expression in worm pharynx tissue and thus serves as a visual
mark for the FR1gfp transgene. Since both the sur-5 promoter and
the promoter driving FR1fp primary transcription are active in
most C. elegans cells (17, 19), the silencing of the gfp transgene is
expected to occur in response to heat induction if C. elegans indeed supports VIGS. Indeed, of 13 transmittable lines obtained,
most adult worms carrying the extrachromosomal arrays corresponding to the FR1fp replicon, manifested as red fluorescence in
the pharynx area, exhibited reduced gfp expression compared to
worms that do not carry the transgene 48 h after heat induction.
To confirm that the reduction in gfp expression resulted from
RNA silencing, we generated a chromosomal integrant for the
FR1fp replicon and checked gfp expression in worm mutants defective in RNA silencing after heat induction. As shown in Fig. 2B,
the expression of the gfp transgene, manifested as green fluorescence, was markedly reduced in wild-type N2 worms in response
to heat induction. However, such a reduction did not occur in
RNA silencing-defective mutants corresponding to rde-1 or rde-4
despite high-level replication of FR1fp in both mutants (Fig. 2C).
rde-4 and rde-1 are known to play essential roles in primary siRNA
biogenesis and function, respectively. These results thus confirmed that the downregulation of gfp expression observed in this
test is indeed a result of RNA silencing. The gfp silencing also
occurred in the rrf-1 knockouts but to a lesser extent than that in
wild-type N2 worms (Fig. 2B and C). Since the rrf-1 products are
known to be responsible for the production of secondary siRNAs,
this test further suggested that both primary and secondary
viRNAs mediate target destruction in VIGS in C. elegans.
In C. elegans, RNA silencing involves an intercellular silencing
signal that guides sequence-specific silencing in distant tissues/
cells, a phenomenon termed systemic silencing (30, 46). A recent
study further suggested that it is the long dsRNAs and/or primary
siRNAs that act as or generate the mobile silencing signal (21). To
find out whether the gfp silencing triggered by FR1fp replication
involves systemic silencing, we checked the FR1fp-induced gfp
silencing in the sid-1 knockout mutants. SID-1 is a C. elegans
transmembrane protein that functions as a dsRNA-selective,
dsRNA-gated channel in systemic silencing (12, 38). We reasoned
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FIG 3 gfp silencing shown in Fig. 2 is triggered by replicating FR1fp. (A) The

FIG 2 FR1fp replication triggers potent silencing of a gfp transgene. (A) The
structure of the transgene expressing enhanced GFP and the Pmyo-2::mcherry
reporter construct. Psur-5, the promoter of worm gene sur-5; Pmyo-2, the
promoter of the myo-2 gene. (B) The comparison of green fluorescence intensity between worms that carry the FR1fp replicon, manifested as red fluorescence in the head, and those that do not in different genetic backgrounds as
indicated after heat induction. All worm strains carry the same nuclear transgene corresponding to Psur-5::GFP. Showed here are merged images recorded
under white light, red fluorescence, and green fluorescence. (C) The accumulation of the gfp transcripts and FR1fp RNAs in the worm strains shown in
panel B before and after heat induction. Phosphatase-labeled DNA probes
corresponding to the FP region of FR1fp were used for viral RNA detection.
The gfp transcripts were detected using probes derived from the 5= end of GFP
coding sequence that does not overlap the FP region of FR1fp. (D) The accumulation of the gfp transcripts and FR1fp RNAs in sid-1 knockouts compared
to that in N2 background in response to heat induction.

that if the FR1fp-triggered gfp silencing in some cells is initiated by
an intercellular silencing signal rather than by FR1fp-derived
viRNAs, the gfp silencing will be compromised in sid-1 knockouts
compared to that in wild-type N2 worms. As shown in Fig. 2D, the
gfp silencing triggered by FR1fp in sid-1 mutants containing the
qt2 allele is comparable to that in wild-type N2 worms. It was also
clear that FR1fp replicated to comparable levels in the sid-1 knockouts and the wild-type N2 worms. Based on this test, we con-
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schematic structure of FR1fpfs and FR1⌬B2. Protein A, the replicase of FHV,
an RdRp. (B) Green fluorescence visualized in gfp transgenic worms carrying
extrachromosomal arrays corresponding to FR1fp and FR1fpfs, respectively,
before and after heat induction. All worms in this test contained the same gfp
transgene as that described in the legend to Fig. 2B. The extrachromosomal
arrays were generated through gonad injection of target constructs together
with the reporter construct Pmyo-2::mcherry (Fig. 2A). Shown here are
merged images recorded under white light, red fluorescence, and green fluorescence 48 h after heat induction. (C) The comparison of gfp silencing in
response to heat induction between worm strains carrying the extrachromosomal arrays corresponding to FR1fp or FR1fpfs. (D) Upper panel, structure of
the FR1⌬B2 replicon. Lower panel, the comparison of gfp silencing in response
to heat induction between worm strains carrying the extrachromosomal arrays
corresponding to FR1fp or FR1⌬B2 replicon.

cluded that the gfp silencing triggered by FR1fp in this report is
mainly intracellular silencing.
Replicating FR1fp is the only trigger of the VIGS targeting
the gfp transgene. In plants, RNA silencing can be triggered by
transient expression of homologous sequences. It is believed that
dsRNAs formed through overlapped bidirectional transcription
of the same sequences serve as the trigger (47). To confirm that the
gfp silencing described in Fig. 2 is indeed triggered by viRNAs
derived from replicating FR1fp rather than transient overproduction of the FR1fp primary transcripts, we changed the trigger replicon from FR1fp to a replication-deficient mutant named FR1fpfs
(Fig. 3A). FR1fpfs was created by introducing a frameshift mutation into the protein A coding sequence in FR1fp. Apparently,
FR1fpfs retains all of the biological properties needed for being
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FIG 4 VIGS is inheritable in C. elegans. (A) The strategy used to test whether
VIGS in C. elegans is inheritable. (B) The accumulation of the gfp transcripts in
heat-induced mothers (P0) and the next two generations (F1 and F2) in wildtype N2 or rde-1 knockouts. All worms used in this test contained the same gfp
nuclear transgene and the same FR1fp replicon as that described in the legend
to Fig. 2B. The gfp transcripts were detected 48 h after heat induction for the
mothers. HI, heat induction.

C. elegans is inheritable prompted us to ask whether VIGS is able
to target endogenous genes, such as unc-22, and thereby produce
RNA-silencing phenotypes in the next generation. To address this
question, we developed a new replicon by replacing the FP region
of the FR1fp replicon with an unc-22 sequence, derived from exon
7, of the same length. Unfortunately, upon heat induction, the
transgenic worms containing the extrachromosomal arrays corresponding to the new replicon did not produce progenies with
discernible twitching phenotype (data not shown). We believe
that the lack of viral replication, thus the accumulation of viRNAs,
is responsible for the failure of unc-22 silencing, since the replication of the new replicon was extremely weak (data not shown).
Very likely, modification in the RNA3 region of the new replicon
has rendered it much less efficient in self replication.
FHV replication is often associated with the production of an
RNA2-derived defective interfering RNA called DI-634 (52). Importantly, DI-634 can be modified for the expression of heterologous genes (7). Thus, as a strategy to circumvent the requirement
of self-replicating RNA1 to trigger unc-22 silencing, we created a
DI-634-based replicon, termed DI634 (Fig. 5A). Like that in the
FR1fp replicon, the transcription of the DI634 replicon is initiated
by the same heat-inducible promoter, and the same self-cleaving
ribozyme sequence was attached to the 3= end of the DI634 genome to remove the nonviral sequence after transcription. When
the DI634 replicon and the FR1⌬B2 replicon were coinjected into
the drh-1 knockouts, high-level accumulation of the DI634-de-
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replicated by a functional replicase provided in trans, since coinjection of FR1fpfs and the HIP::protein A construct (Fig. 3A),
which carries wild-type FHV protein A coding sequence under the
control of the same heat-inducible promoter, can rescue the replication of FR1fpfs (data not shown). To find out whether transient
production of the FR1fpfs primary transcripts can trigger the silencing of the gfp transgene, we injected the FR1fpfs construct,
together with the mcherry reporter construct (Fig. 2A), into the
N2 worms carrying the Psur-5::GFP transgene. Of 7 transgenic
lines carrying the FR1fpfs extrachromosomal arrays, no gfp silencing was observed after heat induction (Fig. 3B). To rule out the
possibility that the lack of gfp silencing is due to the failure in
FR1fpfs primary transcript production, we checked the accumulation of FR1fpfs transcripts in response to heat induction using
Northern blotting. As shown in Fig. 3C, FR1fpfs transcripts were
detected 12 h after heat induction. These results together suggested that the gfp silencing in our setup is indeed induced by
replicating FR1fp that produces viRNAs in an RDE-4-dependent
manner.
To confirm that the gfp silencing is indeed induced by viRNAs
derived from replicating FR1fp rather than an artifact resulting
from the replication of nonspecific viruses, we switched the triggering replicon from FR1fp to FR1⌬B2. FR1⌬B2 contains a point
mutation that disrupted the start codon of the B2 ORF to sensitize
the virus to RDVI (Fig. 3D, upper) (26). As a result, the replicon of
FR1⌬B2 in wild-type N2 worms will induce the production of
viRNAs that are not complementary to the gfp mRNAs. Thus, no
gfp silencing should occur in response to FR1⌬B2 replication. As
shown in Fig. 3D, lower, the gfp silencing did not occur in response
to FR1⌬B2 replication. These results together suggested that the
gfp transgene silencing described in Fig. 2 is indeed triggered by
viRNAs derived from replicating FR1fp.
VIGS is inheritable in C. elegans. In C. elegans, RNA silencing
induced by exogenous dsRNAs is inheritable (16). A recent report
demonstrated that antiviral silencing in C. elegans also features a
non-Mendelian, multigenerational inheritance, and that it is the
viRNAs that serve as physical carriers of the silencing signal across
generations (34). Considering the fact that viRNAs are capable of
mediating potent silencing of cellular transcripts as described
above, it would be of interest to ask whether VIGS can be transmitted to the next generation. To address this question, we initiated gfp silencing by heat inducing the transgenic worms carrying
both the gfp transgene and the FR1fp replicon, as described for Fig.
2, and checked the gfp silencing in the next 2 generations (Fig. 4A).
We observed gfp silencing, albeit to a lesser extent than that in the
mothers, in the F1 generation. In agreement with this observation,
the gfp transcripts of the F1 generation accumulated to a lower
level compared to that of the noninduced worms as confirmed by
Northern blotting (Fig. 4B). In the F2 generation, the gfp silencing
was much less evident than that in the F1 generation, and accordingly Northern blotting failed to detect a decrease in gfp transcript
level (Fig. 4B). As expected, no gfp silencing was detected in heatinduced mothers or the next two generations when the same test
was carried out using the rde-1 knockouts. Based on these results,
we concluded that VIGS in the nematode worms is inheritable.
VIGS can target and silence endogenous genes in C. elegans.
unc-22 encodes an abundant myofilament protein required for
muscle structure and function, and reduction in unc-22 expression, e.g., as a result of RNA silencing, produces a severe twitching
phenotype that can be easily identified (14). The fact that VIGS in

FIG 5 Downregulation of endogenous gene expression by VIGS. (A) Schematic structure of DI634 and the DI634-based replicons DI634unc22 and DI634skn-1.
MCS, multiple cloning site corresponding to AscI-XhoI-NotI. unc-22, a cDNA fragment derived from exon 7 of the unc-22 gene. Skn-1, a cDNA fragment derived
from the skn-1 coding sequence. (B) Replication of DI634 in the presence of a functional protein A produced by FR1⌬B2 in drh-1 knockouts. The replication of
FR1⌬B2 was detected using cDNA probes derived from RNA3 of FR1⌬B2. The replication of DI634 was detected using cDNA probes derived from the DI634
genome. (C) Downregulation of unc-22 expression triggered by replicating DI634unc22. The accumulation of the DI634unc22 replication products and the
unc-22 transcripts were detected using unc-22-specific cDNA probes at different time point as indicated. hai, hours after heat induction. (D) The VIGS phenotype
resulted from DI634unc22 replication in the F1 progenies. Shown here are the percentages of twitching F1 progenies produced by heat-induced mothers
containing the DI634unc22 replicon 24 hai. The error bars indicate standard deviations for the twitching phenotype. (E) viRNA-mediated potent silencing of the
endogenous gene skn-1. Shown here are the embryos and worm larvae produced by heat-induced N2 and rde-1 mothers carrying the same FR1⌬B2 and
DI634skn-1 replicons.

rived RNAs was detected using probes specific to the DI634 genome (Fig. 5B).
To find out whether VIGS can target and silence the unc-22
gene, we inserted a 552-bp unc-22 coding sequence, derived from
exon 7, into the MCS of the DI634 replicon and delivered the
new replicon, termed DI634unc22 (Fig. 5A), together with the
FR1⌬B2 replicon into wild-type N2 worms through gonad injection. Upon heat induction, the accumulation of DI634unc22-derived transcripts became detectable 8 h after heat induction and
was further enhanced at 24 h after heat induction (Fig. 5C). Accordingly, a decrease at the unc-22 mRNA level was detected at 24
h after heat induction using Northern blotting. As a result of the
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decrease in unc-22 expression, we observed a twitching phenotype
on approximately 52% of progenies produced 24 h after heat induction by the N2 mothers, whereas no twitching phenotype was
observed for progenies produced by nontreated mothers or the
rde-1 mothers that carry the same transgene (Fig. 5D). Using the
same strategy, we also tested the silencing of another endogenous
gene, skn-1, whose function is required for intestine development
of early embryos. Our result, as shown in Fig. 5E, clearly showed
that VIGS can target and silence skn-1, leading to the production
of dead eggs from heat-induced worms carrying the DI634skn-1
replicon (Fig. 5A). Based on these results, we concluded that VIGS
can target and silence endogenous genes in C. elegans.
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DISCUSSION

Viruses are obligate intracellular parasites that absolutely rely on
the macromolecule synthesis and metabolism pathways of their
hosts for replication. Thus, virus-host interaction represents one
of the most intimate pathogen-host interactions and is tightly regulated by various cellular pathways. RDVI is mediated by one such
cellular pathway that is conserved in fungi, plants, and invertebrates. Previous studies have demonstrated that it is the viRNAs
processed from the invading viral genomes, in the form of dsRNA,
that confer the target specificity of RDVI (9). Owing to its sequence-specific nature, RDVI can be redirected to target cellular
transcripts in plants and in some cases accounts for the induction
of plant diseases (39, 42). Currently, it remains unclear whether
viRNAs can guide the silencing of cellular transcripts and thereby
mediate another layer of virus-host interaction in the animal kingdom. In this report, we probed the possibility of VIGS in the nematode worm C. elegans. Our results clearly showed that viRNAs
can mediate potent silencing of homologous cellular genes, endogenous genes, or transgenes (Fig. 2 and 5). Thus, for the first
time, we demonstrated that viRNAs can modulate host gene expression in the animal kingdom. Most importantly, the success in
uncoupling the RDVI trigger and the RDVI target will not only
allow us to revisit the virus-animal host interaction from a new
perspective but also facilitate our exploration of the unique features of worm RDVI.
In plants, VIGS targeting the promoter sequence of a gfp transgene resulted in both methylation of the targeted sequence and
inheritable transcriptional gene silencing that is independent of
the virus trigger (20). Interestingly, VIGS targeting the coding
region of the same gfp transgene resulted in sequence-specific gene
silencing and DNA methylation that was not inherited. This is in
sharp contrast to the VIGS in C. elegans, in which inheritable
silencing of host genes, endogenous genes or transgenes, can be
readily triggered when the coding sequences were targeted by
VIGS. Currently, it remains unclear whether the inheritance of
VIGS in worms is associated with any epigenetic modifications to
the targeted sequences.
Silencing of host genes mediated by virus-derived siRNAs has
been shown to be responsible for disease induction in plants (39,
42). miRNAs carried by both DNA and RNA viruses can also
modulate host gene expression, thereby facilitating virus infection
in the animal kingdom (5, 18, 41). Since miRNAs and siRNAs use
similar factors for their biogenesis and function, it will be of great
interest to see whether viRNAs can modulate host gene expression
and thereby facilitate virus infection in the animal kingdom. Since
viRNAs can target and induce transgenerational silencing in C.
elegans (Fig. 4 and 5), our study, for the first time, made it possible
to test this hypothesis in C. elegans. The fact that RNA silencing in
C. elegans can readily target and downregulate genes required for
RNA silencing makes the genes involved in RNA silencing ideal
candidates for this test. The drh-1 gene will be of particular interest
in this regard, since drh-1 is known to play an essential role in
RDVI but appears dispensable in RNA silencing targeting cellular
transcripts.
DRH-1 as a key component of RDVI appears to be unique to
the nematode worm. Thus, function and mechanism study of
DRH-1 may help unravel some unique features of worm RDVI.
The fact that DRH-1 functions downstream of viRNA biogenesis
and selectively mediates the silencing of invading viral RNAs sug-
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gests that DRH-1 is a RIG-I functional analog that senses and
thereby mediates the silencing of invading viral RNAs. However,
currently it remains possible that DRH-1 specifically mediates
viRNA-guided silencing irrespective of the origin of silencing targets. To rule out this possibility, one will need to present both viral
transcripts and homologous cellular transcripts to the same set of
viRNAs to see whether DRH-1 selectively mediates the silencing of
viral RNAs but not the cellular transcripts. Now, with the success
in uncoupling the RDVI trigger and the RDVI target, we can have
a straightforward test on this hypothesis by performing VIGS in
drh-1 null mutants. We reasoned that if DRH-1 selectively mediates virus silencing, the VIGS should occur in a DRH-1-independent manner.
In plants, RDVI features a systemic signal that is believed to
prime an antiviral status prior to virus arrival (3). Two recent
reports further suggested that the 21-nt siRNAs serve as the physical carrier of the systemic signal in plants (11, 29). Systemic antiviral silencing also occurs in insects, although the mechanism involved differs (36). Previous studies have demonstrated that the
systemic gene silencing can be triggered by artificial dsRNAs in C.
elegans. Currently, it remains an open question whether RDVI
also features a systemic antiviral signal in C. elegans, which is
known to share RdRps with plants. Although it is not appropriate
to use our current VIGS setup to address this question, mainly
because the heat-inducible promoter used to initiate FHV replication can be activated in most somatic tissues, a modified version
of our setup may help address this question. For example, if we
produce the virus trigger and the gfp target in distinct tissues, we
would be able to tell whether RDVI in C. elegans involves a systemic signal based on the status of the gfp silencing in response to
viral replication.
In C. elegans, exactly how viral RNA targets are sliced by AGOcontaining complexes remains largely unknown. The large number of C. elegans AGO proteins makes the dissection of the mechanisms involved even more challenging. The dilemma in studying
the slicing mechanism of RDVI resides in the fact that the slicing of
the viral targets cannot be uncoupled from the dicing of the RDVI
trigger, and as such it is impossible to evaluate respective contributions to the destruction of invading viral RNAs. Apparently,
our success in testing VIGS will facilitate the study of mechanisms
involved in viral RNA slicing, in that the dicing of the trigger and
the slicing of the target are completely uncoupled in VIGS, and as
such the accumulation of the VIGS target is solely affected by the
slicing mechanism. Moreover, since the slicing of the VIGS target
is mediated by both primary and secondary viRNAs (Fig. 2B and
C), our study on the slicing mechanisms will be further facilitated
by the fact that, in rrf-1 knockouts, the slicing mediated by primary viRNAs can be further uncoupled from the slicing by secondary viRNAs. C04F12.1 is another C. elegans AGO protein that
contributes to RDVI and, like RDE-1, features the key catalytic
residues of RNase H (28, 51). Currently, it remains unclear
whether C04F12.1 recruits primary viRNAs for viral target cleavage. Now, with the success in testing VIGS in C. elegans, this question can be easily addressed by assaying the efficiency of VIGS in a
double mutant corresponding to C04F12.1;rrf-1.
For currently unknown reasons, irrespective of the worm genetic
backgrounds, FHV RNA1 and its derivatives replicate less efficiently
in worm larvae than in adult worms. As a result, the VIGS phenotypes
observed in this report were less prominent in worms developed from
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heat-induced larvae. This may have also prevented us from observing
more pronounced VIGS phenotypes that take longer to develop.
Orsay virus naturally infects C. elegans and exhibits enhanced
replication only in mutant worms defective in RDVI or in the
presence of a functional RNA silencing suppressor (13; X. Guo,
unpublished data), indicating that the current Orsay virus isolate
is a natural mutant deficient in RNA silencing suppression. If
proven true, this Orsay virus isolate together with its RNA2-based
replicon may serve us well as an ideal VIGS trigger in C. elegans. As
shown in this report, RNA2 of FHV can be modified to function as
a trigger of VIGS without compromising the viral replication. The
same strategy very likely can be used for developing an Orsay virus
RNA2-based replicon as the trigger of VIGS. The genomic RNA2
of Orsay virus contains two ORFs. One of the ORFs encodes the
viral coat protein, whereas the other encodes a putative protein,
named delta protein, with unknown function (13). It is likely that
one of the ORFs can be replaced with foreign sequence for VIGS.
It can be expected that an Orsay virus-based trigger will allow for
prolonged observations of VIGS phenotypes, since Orsay virus
infects worm larvae and, unlike FHV whose, optimal replication
temperature is above 25°C, replicates efficiently at room temperature.
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